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PRELIMINARY REPORT ON EXPERIMENTS RELATING
TO THE IUNAR SURFACE

I. INTRODUCTION

This report describes the activities and results to date of a series of experi-
ments which were undertaken by the Cornell University Center for Radiophysics and
Space Research under the direction of Prof. T. Gold, Director of the Center, and
sponscred by grants fram the General Motors Corporation and National Aeronautics
and Space Administration. The report is divided into two sections. In the first
section is presented a brief summary of the contents of recently-published papers
which pertain to the nature of the lunar surface. Certain conclusions which may
be drawn from this literature survey are also presented, although these conclu-
sions are by no means unique or exclusive. The second section of the report
describes the experimental apparatus which has been built or purchased. A summary
of the experiments and the preliminary resulte which have been obtained to date
follows.

II. CONCLUSIONS REGARDING THE NATURE OF THE LUNAR SURFACE

The following is & very brief summary of data gathered in a survey of recent
papers and some conslusions which can be deduced therefrom. Most of the data was
campiled by Bugh VanHorn, a graduate student in the Space Research Center. This
section is not intended to be complete. For an advanced genersal reference con-
cerriing the moon see reference 1.

A. Introduction

The general conditions obtaining on the moon are well-known. Our natural
satellite is a smaller world than the earth, with a surface gravity about one-sixth
that of the earth. Its atmosphere is undetectably small; & recent attempt to
measure this quantity gave an upper limit of 6 x 10'13 atmospheres (2). It is

not believed to possess a magnetic field, although the absence of such a field




has not been completely verified. 8Since there is no atmosphere or magnetic field
to protect it, the surface of the moon has most certainly been influenced by
micrometeorite bombardment and by solar radiation in the form of electromagnetic
radiation - in wavelengths from infrared through soft x.rays - and hydrogen plasma
in the form of protons of energy around 10 kev. The proton density in the plasma
is probably 10-100 cm"3 during periods of low solar activity and rises to greater
than 1000 cmf’ following flares (3). The major features of the moon, e.g., the
craters and maria, are believed to have been caused by great collisions of
meteorites and planetesimals with the moon (4), although many authorities still
hold that these features were shaped by some form of vulcanism.

B. Radar Measurements

Radar echoes have been detected from the moon on many wavelengthe from
about 10 am. to 3 m. (5-13). The surprising result from these measurements is that
the radar pulses appear to he reflected specularly. That is, on a scale of several
centimeters the moon appesrs to be very smooth with a rms slope of less than 50-
The echoes are returned primarily from a emall area around the sub-earth point,
the semevhat mountainous region to the south of Mare Vaporum. This rms slope is
sertainly mush smaller than that of terrestrial terrain, especially mountainous

terrain., It implies that eome agency is continuously at work fillling oracks and

The second surprising features of the radar experiments le the low reflection
coeffieient of the lunar surface, By analyzing the leading edges of the echoes of
varicus wavelengths Senior and Siegel (5) have deduced that the mean dielectric
constant ig about k = 55/‘;° = 1,08 and that the conductivity i ¢ = 4.3 x 1o”u
mho/m. Not too much importance should be attached to the value for the latter
quantity, since the date could be fitted almost equally well by a surface of gzero

condustivity,




The low value for k implies that the surface consists of a layer of material
of considerable depth in a very low state of campaction. Brunschwig et al (1)
have measured the dielectric constants of a number of rocks in various forms.
From their datea one can infer that in order to obtain such a low dielectric con-
stant the average density of the minerals in the layer must be of the order of
1/20 of that of solid rock.

The depth of this loose layer is unknown. If Senior and Siegel's value for
0 is taken seriously one obtains a skin depth for radar wavelengths of the order
of é = (2/puﬂ)l/2~ 15 m. Even without using this conductivity one can infer
that the layer is probably at least several wavelengths (e.g., several meters)
thick, for if the layer were substantially thinner the radar pulges would be
returned fram the solid underlying rock.

It is also of interest to note that this conductivity is a couple orders of
magnitude higher than that of most plutonic rock (15). However, if the layer
consisted of material which had been subJjected to a éonsidera.ble dose of
ionizating rediation the electrical conductivity would be considerably increased
over its natural value.

C. Thermal Emission Data

Thermel blackbody radiation fram the moon has been measured in the near
infrared (8-14u) (16-19), and at radio wavelengths between about 1.5 mm and 75 cm
(20-33).

In the infrared the surface heats up and cools off extremely rapidly with
any change in the incident solar radiation, as during an eclipse. This implies
that the upper layers of the surface are poor conductors of heat. From an
analysis of Petit and Nicholson's data Wesselink (34) has concluded that the
material comprising the topmost layers has K /a C ~10'6 calz-an-h-sec'l-deg'a,

where K = thermal conductivity, P = density, and C = heat capacity per gram.
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The only materials with such low thermal constents are dust in vacuum and possibly
also foams.

The emissivity of the surface is close to unity; since the emissivity of most
rocks is around i/2 (l), this impiies that on & scale of infrared wavelengths -
(10u) the surface is extremely rough with many cavities.

'There appears to be little difference in the thermal behevior of maria and
highlands, indicating that both types of surfaces are covered with a similar
insulating layer. The exception to this statement is Tycho and a few other new-
locking craters. These areas do not heat up and cool off‘as rapidly as their
, su;roundings, implying that the insuleting layer ;s thinner there. Sinton con-
cludes that his obgervations are consistent with a layer of dust 0.3 mm thick
over solid rock in areas in Tycho but that the layer is much thicker elsewhere.

While infrared radiation can monitor only the uppermost layers, radio wave-
lengths can "see" bélow»the surface. The equivalent black body temperature of
the moon as deduced froh the radio-thermal measurements consists of a constant
component and a time-varying component. The constaﬁt component of temperatufe
measured by most of the observers is between 200°K and 250°K. The amplitude of
the varying camponent decreases with increasing wavelength and its phase lags
the lunar phase by an angle which increases with wavelength.

There have been a few attempts to calculate the vertical temperature profile
under the lunar surface using the thermal-emission data (26, 35). Usually a

mnodel for the vprofile of the form

Bx
= en
T (x,t) = Tc t ‘I’VQ cos (Tt + CXX)

is agsumed, where x is the depth under the surface, t is the time (t = 0 at full
moon), T = one month, and Tc: T,» B and @ are parameters which are determined by

matching the model to the data. The thermal scale height 1/8 found in this manner




is of the order of 10-30 cm. However, not too much importance should be attached
tc-> this model since it assumes that the thermal and electrical constants of the
lunar surface K, ‘o > C, X and 0 are independent of depth and temperature. This
assumption will not hold if the composition or demnsity changes vit—h depth or if
appreciable heat is conducted by radiation, in which case K is proportional to
the cube of the temperature. Jaeger and Harper (33) have emphasized the need
for a model consisting of solid rock overlain with a thin layer of dust.

D. Reflected Sunlight

Sunlight in the near ultra-violet and visible reflected from the
surface of the moon has been measured in many ways, and numerous attempts have
been made to match the lunar reflection characteristics with terrestrial materials.
The lack of success in this last endeavour has been conspicuous. |

Stair and Johnston (36) found two absorption bands in the ultra-violet
spectrum and felt that this indicated the presence of powdered glassy silicates
and traces of iron on the lunar surface. Wood (21) found many areas on the moon
wvhere the relative brightness was different in visible and UV. He thought that
sulfur-bearing miﬁera.is might be present.

In the visible, the moon has an extremely low albedo of the ordez; of 7% for
the maria and 144 for the highlands. Except for albedo there is little differ-
ence in appearance between the marias and the highlands (38). Indeed, the moon
seems tc affect the spectrum of the sunlight very little, .

The unique light-reflecting properties of the moon may furnish an important
clue to the nature of the lunar surface. The intensity of reflected sunlight as
a function of the angles to the normal to the surface of observation and illumina-
tion have been measured by Bennet (39) apnd Van Diggelen (40). There appears to
be little difference in the reflecting properties of variocus portions of the
surface of the moon. These investigators attempted without success to duplicate

the measured reflection laws using a wide variety of terrestrial materials, as did



Sytinskaya (41) and Barsbashov and Chekirda (42). The latter authors studied
rocks in théir natural state , after irradiationvwith photons and protons, a fter
melting in air and in vacuum, and after pulverizing into grains of various sizes.
The material must closely matching the lunar surface was found by Van Diggelen
to be a species of lichen. The lichen has a structure which is rough, scraggly
and branching. A surface consisting of a flat plate in which many tiny pits had
been drilled, and which one would expect might duplicate the appearance of rock
bombarded by micrometeorites, gave & poor fit to the lunar data.

The fact that the full moon is of equal brightness all acroes its face
indicates that the lunar surface is very rough on a scale of the wavelength of
visible light (0.54). This is in contrast with the radar data which implies
that the moon is smooth on & scale of tens of centimeters., Thus it can be
inferred that the surface material has & microstructure with a scale somewhere
between lu and 1 om |

The amount by which the moon polarizes the sunlight reflected from it hes
been measured by Lyot (43), Dollfus (44, 45) and Wright (46). All aress on the
moen exhibit & similar behavior. The percent polariration is always low and the
polarigation eurve with lunar phase is symmetric about full moon. The percent
polarisation is rerc at full moon, becomes negative on either side of full moon,
reaching & minimum of & fow percent at about g:.o°, then becormes positive going
through a maximum of around 10-184 (depending on the ares) st about £100°,

As with the reflection laws, this behavior could not be duplicated by
terrestrial materials nor by marteoritiu. In all cases the surfaces polarized
the light too mush, Wright found that when crushed rooks vere cbvserved, the
poinriution decressed with decreasing particle size and with inoreasing surface

roughness.
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E. Discussion
From the preceding summary of measurements relating to the Il - surface
it appears that the cuter portions of the moon consist of a surface layer of

extremely low density underla.in by a denser material which may be either bedrock
or solidly compressed powder. Two problems are of immediate 1nterest, the ©

chemical cCemposition and distributicn of the underiying material, and the origin,
nature, depth and distributicn of the loose layer. o o

At one time 1t was thought that there was bedrock of two types. The maria
were supposed to be lave flows of darker-colored basic rock while the highlands
were lighter-colored acidic rock. Although this supposition 1s certainly possible,
i1t is not necessarily true. Both the maria and the highlands appear to be covered
with some sort of soil and any difference in appearance may well be due to
differences in the soll rather than ih the underlying rock. Besides, there are
doubts about the existence of lava flows on the moon. There are many indications
that the moon may never have had a molten interior (.J_.)'.' It has been proposed that
the lava was created by the héat generated by the gfeé.t meteor collisions whiéh
gave bi'rt; “to certain maria. This possibility also asppears doubtful. Studies
of terrestrial meteor craters (47) show no signs of extensive melting nor of
causing a break in the earth's crust through which lava could flow, even though
in the case of the Vredefort crater in South Africa there was enough kinetic
energy aveilable to do so. ‘ | ‘

Clues as to the composition of the bedrock come from three sources. (1)
Both the earth end the moon may have been accreted from the same substances, in
which case one would exi)ect the moon to be of similar compo’sition' to the interior
of the earth; e.g. a basic rock similar in composition to chondritic meteorites.
(2) The chondritic meteorites may be debris left over after the formation of the
Planets. They_a.re an ultrabasic rock similar to perdotite with some metallic iron

and nickel (1). (3) The stones known as tecktites may be material knocked loose
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from the moon by meteor collisions (48). These stones have a high silica and “
alumine content and very little water.

The lunar soil overlying the denser material cannot be solid rock because the
density and thermal constants are too low. The most likely hypothesis is that
the sufface layer is dust croded from the bedrock by some agency. It has also
been proposed that the layer consists of hardened foem, "meteoric slag', and of
whiskers. We will discuss each of these proposals briefly.

(1) Foam: Firsoff (49) has suggested that large areas of the moon are
covered with foam generated when lave carrying large amounts of adsorbed geses
reached the surface. This hypothesis is doubtful, however; for while it might
be possible that some areas (such as the maria, if they are lava flows) are
covered with foam, it is difficult to see how the foam could be generated over
the whole lunar surface. Yet it would be necessary to have almost the entire moon
covered including the mountainous slopes of the highland areas.

(2) Meteoric slag: Sytinskaya (41) has proposed that the lunar surface
is a rough; jagged layer of fuzed and partially vaporized rock resulting from the
continuous bombardment of micrometeorites. This author assumes that the vaporized
rock from the micrometeorite collisions reacts chemically with the asurface of
the bedrock to change the composition and appearance of the upper layers vastly.
This hypothesis is possible, particularly eince it is not known what the effeet
of prolonged bembardment of high-velocity particles on a surface will be,

However, terrestrisl experiments on hyperveleelty impact (gg) indieate that the
eraterlets thus preduced are not dissimilar to the visible eéaters en the moen.
Bush & surface would net be jagged enough to produce the light-refleeting propeps
ties of the moon. It 1s also difficult to see how a layer suffieiently thiek te
cause the low dielectric constant ceuld result from this meehanism alone, ner dees
this proposal seem able to explain the emoothness of the‘gurfaee on & scale ef

tens of centimeters.
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(3) Whiskers: It has been suggested that the man in the moon might
have whiskers of mineral crystals (51). It is well-known that when a crystalline
substance is sublimed from & tenuous atmosphere of its own vapor the crystals tend
to form long thin needles or whiskers. This atmosphere of rock vapor might
result from the sputter—ing of molecules from the lunar surface by the solar
protons;, or it could alsc be produced in the coliisions of micrometeorites with
the lunar surface.

A second mechanism for growing whiskers might also be due to the irradiation
by the solar plasma. Under ionic bambardment it has been founi (52) that surface
atoms of the target material tend to migrate extensively and congloxhera.te around
surface defects. In some cases whiskers have been observed to start from these
defects. The whiskers are arocund 15 in diameter.

A vhiskery surface would be extremely rough on the scale of lu but would
appear quite smooth on the scale of several centimeters. Whiskers could grow out
sidewaye from hills and craterest walls to fill in depressions, and the resulting
structure would be of low average demsity. It is difficult to see how this sort
of structure could grow whisker upon whisker to 2 depth of several meters , 88
required by the radio evidence except by the continuil influx of fresh meteoric
material. This however would produce a completely uniform composition and
structure for all areas of the lunar surface. This leaves then no way of accounting
for the different albedo of the maria and the mountainous highlands, since
reither composition nor surface treatment would have been‘different.

(4) Dusts A dusty surface could be created by material eroded from
the bedrock ‘by various agencies, of which meteoric impact is probably the most
important. The size of the dust particles composing the layer is unknown, although
from an analysis of Petit end Nicholson's data Wesselink (34) has estimated that

an upper limit to the particle size is 200u. The terrestrial experiments on



10.
hypervelocity impact (50) indicate that a good deal of smell solid debris is
ejected from the surface by the collision. For micromeieorites of the order of
10y or less in size (22) most of the debris would be of the order of 1 or less
in diemeter. The dust would probably clump together due to electrostaetic effects
to form objects which are large compared with 1 and which could give a rough
surface on a scale of visible and infrared wavelengths. -

Rock powders in vacuum seem to have the right thermal values (54). If the
surface layer consists of rock powder then we may estimate the thermal constants
of the dust as follows. Wesselink's analysis indicates that the product K(.) c
is of the order of 1 x 10-6 cgs units, whereas the work of Brunschwig et al (14)
implies that the rock is in an uncompacted form with density approximetely 1/20
that of solid rock, Most rocks have C Av 0.2 cal/gm/deg (55) a.ndPN 3 gm/cc
(14). Reducing the density by 20 gives ,Q C A/ .03 cal/cc/deg. Hence K A/
3x J.O'5 cal/cm/deg. If the model for the vertical temperature profile described
previously is valid, these values for the thermal constants give a vertical thermal
scale height 1/B of 1/B = (nP c/TK)l/2 A/ 30 cm.

The light-reflecting properties of pulverized rock have been investigated
by various persons but the agreement with those of the moon was poor. However
dust deposited under high-vacuum conditions has not been studied at all. One
expects'g'ggigl that the appearance of such a surface will be considerably
different from air-d;posited dust. Tiny particles in air have surface layers
of adsorbed air and oxides which can act as a lubricant and allow the dust grains
to slide over one another and thus to compact more tightly. But in & hard
vacuum with no adsorbed surface layers between them, two particles may tend to
weld wherever they touch. Hence vacuum-deposited dust may form very loose, open
structures of low density. Also, because of this high possible cohesion and
adhesion the dust may be able to cling to very stqep slopes, such as the sides

nf the famous Straight Wall.
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Fram satellite measurements (53) it may be estimated that the flux of 10p, "
diameter micrometeorites in space at 1 AU from the sun is of the order of 10~
cm"a/sec, Hence in 109 years enough material has impacted on the lunar surface
to deposit a layer several meters thick. Each impacting particle will probably
create several times its own volume in dust. | "

The actual existence of such a thick layer depends on whether or not the
dust can be transported away from large areas in order to expose fresh rock to
the micrometeorites. If no transport mecha.n‘isins exist then the bedrock would
soon be covered with a shielding layer of debris and the only effect of succeeding
impacts would be to stir up the dust a little. Only a few centimeters of dust
would be sufficient to shield the rock from further erosion. However, if the
dust can be transported away from high areas as fast as it is formed then the
highla.ﬁds would be constantly undergoing slow erosion and the low areas £i1ling
up with eroded material, possibly to depths of several kilometers.

Another erosion mechanism for producing fine dust may be due to the‘ solar |
proton bombardment. There are at least three plausible ways in which this
irradiastion could create dust from solid rocks. (1) The formetion of whiskers
hgs already been discussed. These whiskers would be rather fragile and could
easily be broken off by flying debris fram the micrometeoriticv collisibns. (2)
Natural rocks are often polycrystalline mixtures of minerals of varying hardness.
The piasma might pi'eferentially erode one mineral by .sﬁuttering or chemical
change, thus freeing the more resistant variety in the form of small crystals.
(3) fThe protons have only & short range in rocks - less than lp. Thusba.ll'
protons are broughtto rest a short distance below the surface. In stopping they
create dislocations and themselves become foreign interstitial atoms in the
crystalline lattice when they pn“?ck up an 'électi'on, " After a short time a.n;'a.‘ppreci-

able impurity concentration of hydrogen would bebuilt up under the surface. For
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‘instance, in less than a year the concentration of atomic hydrogen'in the upper
micrbn‘of the surface would be of the order of one percent by number. These
radiation damage effects could change the mechanical properties, éuch as the
lattice spacing or thermal expansion coefficients, sufficiently to éause the
irradiated portion of the crystal to pull away from the underlying parts and
eventually to flake off in chips of thickness less than a ﬁicron.

The lunar surface is certainly being eroded by sputtering induced by the
protons, Iﬁ 10 years a layer several meters thick mey have been sputtered away.
'Bince the sputtered atoms are emitted with energies of the order of electron
volts they have velocities of the same order as the velocity of escape from the
lunar surface; hence much of the sputtered material has been lost from the moon.

- The thickness of the dust layer and evenness of the surface inferred from
the radar measurements implies the existence of one or more erosion and trans-
port ﬁnchnnisms vhich erode the dust from high surfaces and carryvit to depressions.
At loast three mechanisms have been proposed.

(1) It has been suggested (g) that the dust particles may be caused
to dance dbwhhill by vibrations associated with the micrometeorite inmpacts.
These seams to be no date available on whether appreciable quantities of dust
could be_trunspcrted in this manner,

(8) 00ld (56) has suggested transport by electrostatic effects.
Because of secondary electron emission from the dust due to ultra-violet and
proton irradiastion adjacent dust particles could acquire high enough electrie
charges to levitate against the moon's gravity and glissade déwn slopes. This
mechanism hag been investigated somewhat by Grlnnis (51), vho condludes that 1t
could provide fairly large transport rates. However, thie rate depends on
cortain parameters, such as the secondary electrion emission coefficients of

minerals, which are not known at the present time,
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(3) Several persons have suggested that the extreme thermal variations
on the moon \;111 be surﬁcieht both t€o break up rocks into fine dust and trans-
port the dust downhill by thernal expansion and contraction. The thermel forces
involved are too mll to cause bresk-up of the rock beyond é. size of centimeters 5
and dust transport by this means appears to be far too slow to account fo: the
‘probable amount of erosion. | : | | o

AJ.‘I. of these‘ postulated transport mechanisms assume that the dust particles -
are lying ruirly loosely on the surface. The trensport rates will be réd.uced
greatly if the particles have a high cohesicn and are welded relatively tightly
together. Indeed Whipple thinks thn.t the etfect of the plzsma. and micro-
meteorite bombardment will cause chemical changes in the outer layers of the _
dust which will result in a rather strong crust. Apparently this is Sytinskaya's
view alio. Platt (58) points out that such a surface may be chemicall unstable
and high]y reactive. ‘However there 1s no expeiimenta.l data on this matter.

F. Ccmclus:lona | |

In stmnary, while other poseibilities cannot be excluded; the obzerva- .
tione indicate that the lunar surface consists of a layer of dust which has been
eroded away from the denser upderlying meterial, This material 1is probably .
type of rock similar in composition to chondritic meteorites. The radarl data
implies that the dust layer is quite thick, at least in places. This implies
the existence of a transport mechaniam whiéh moves the dust from the higher aveas
to the lowlands, ‘lea.v:l.ng a hxer caaly a few centimeters or qi;;.imtc;:p thic*on
the highlands but meny meters in depth in the maris and in the bottoms of older
craters. This hypothesis is supported by the recent radio-thermal mestiﬂtiqhs
Qf Cmtes (59) vho fmmd' that the maria undergo more rapid temperature vapis-
t1ons than the mountainous regions This mplies & lower thermal cond.uctivi’w
and thus mutordnpthotthadmt layerinthemnthminthehighlmda
From the redar and visual d.l.u it may also be inferred fcha.t this surface layer
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may be built up from tiny dust grains welded together at a few points and in an
extremely loose state of compaction. Hence the surface in the lower areas ey
not'be capable of supporting large bearing pressures.

III. EXPERIMENTS RELATING TO THE LUNAR SURFACE

A. Introduction

A number of questions presented themselves during the preceding dis-
cussion, many of which can be answered by experiments in terrestrial laboratories.
The Cornell University Center for Rediophysics end Space Resparch has undertaken
a series of experiments intended to find answers to some of these questions.

1. Propoerties of vacuum-deposited dust, such as its density,
compressibility, cohesion and internal friction.

2. Erosion of lunar-type rocks by solar radiation. Studies of rates
of formation of dust and sputtering by protons of enérgies around 10 kev.

3. Trensport of dust by electrostatic effects. Study of the effects
of 10 kev protons and ultra-violet radiation on surfaces of small particles of
dust. Measurement of the secondary electron emission coefficients from minerals
when boﬁbarded by protons, electrons and electromagnetic radiation.

4, Photometric Studies. Measurements of the intensity and polarization
of visible iight reflected from various sﬁrfaces as a function of the angles of
incidence and observation, and attempts to duplicate the reflecting properties
of the lunar surface.

B. Apparatus

1. Ultra-high vacuum system. The experiments on the rock dust require

the elimination of the effects of the particles' previous history in the
terrestrial atmosphere. Since the surface films of adsorbed gases change the
adhesive properties of the dust grains, it is necessary to reduce them as much
as possible in order to simulate lunar conditions. It has been found that bake-
out of the experimental apparatus and operation of the vacuum system at 10" mm

Hg or less are required to eliminate these effects,
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A high vacuum system* was set up to permit experimentation at the low
pressures required. The ;acunm chamber is a stainless steel bell jar 18" in
diameter and 24" high. Two observation ports are located near the top of the
chamber. The Jar can be enclosed by a furnace and the jar and its contents
baked out at a controlled temperature. The system is actually two vacuum
chambers: the ultra-high vacuum volume in the bell jar and an intermediate
vacuum buffer system located below the jar. All feed throughs, including
electrical, mechanical and water, are first brought through the intermediate
vacuum region to minimize the effects of any possible leaks. There are pro-
visions for 20 electrical feed-throughs, 5 rotary-motion feed-throughs and one
two-tube cooling water feed-through. At the top of the bell jar is a flange
which can be removed and the proton gun installed. The main pump is a 1500
l/sec diffusion pump. The chamber is also lined with coils which can be filled
with liquid nitrogen for cryogenic pumping. The system is guaranteed to be
able to attain pressures below 1 x lO-8 m Hg and has been reported to operate
in the 10_10 mm renge. The ultra-high vacuum system is shown in Figure 1.

- 2. Remote Hook. Three of the rotary-motion feed throughs into the
UHV are used to drive an arm with three degrees of freedom and terminating in
a hook. This hook can be used to manipulate various objects placed iﬂ;ide the
UHVuchamber. Thus a number of different experiments can be performed during the

same high-vacuum run.

¥*
- The ultra-high vacuum system which was generously purchased by the General

Motors Corporation for the Center's use was built by the NRC Corporation of

Rewton, Masssachusetts.
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3. Telemicroscope. The visual inspection of minute details of objects

and surfaces inside the vacuum chamber is Important. Hence a long range micro-
scope has been constructed. The principle of this microscope is as follows

(see Figure 2). A high quality achromatic collimating lens C is placed a

COUNUUAANNNANNNY

Figure 2. Schematic diagram of long-range microscope.

distance egual to its focal length from the surface being examined., so that
the rays from objects on the surface are focussed at infinity. These light
rays can then be looked at from any convenient distance with an ordinary tele-
scope T focussed at infinity. With this arrangement, if the magnifying power
of the telescope is M then an observor at the eyepiece of T sees an image of
the surface which is M times as large as it would appear if his eye were located
at the position of C.

In our apparatus the telescope is & Bausch and Lomb Balscope with a turret

eyepiece allowing the magniﬂcation M to be é:onveniently varied between 10 X and
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and 100 X. The telescope is mounted on & box which fits over one §f the por£-
holes in the bell Jér. bBetween the telespope and the port is a first-surface
mirror which reflects light coming out of the port into the telescope. The
mirror can be tilted and rotated so that large portions of thé chember can be
scanned without moving the telescope.

The telemicroscope has two collimating lenses. One is a 2L-1/2" focal
length lens for low-power, large scale viewing which can resolve objects down
to about 10u apart. This lens is located outside the UHV in the same box as
the mirror and telescope. For higher power viewing this lens can be removed and
& collimating lens with shorter focal length equal to 26 mm used. This second
lens is located inside the vacuum chamber and can be moved by the remote hook
to & position immediately above the surface of interest. In this way cbjects of
size less than one micron can be examined. The external part or'the tele-
microscope is shown in Figure 3.

L, Proton Oun. The proton gun is a modified Penning discharge capable
of producing & beam of ionized hydrogen of several hundred microampes, A
schematic dilgrlﬁ of the gun is shown in FMgure 4. In its conventional form the
Penning discharge consiste of a cylindricel anode placed between two cathodes
&nd held at a high positive voltage with respect to them. A megnetic field is
applied parallel to the axis of the system.

Hlectrens are emit£ed from the ocathodes by cold-cathode dilqharge and are
attraeted inte the regien of the anode. If they make no collisions there they
eontinue on teward the opposite cathode, However, they now find themselves in
an eleetrostatie field whieh cpposes their metion, and they are repelled back
toward the anode, being always constrained by the magnetic field %o travel inm
& tight helix parallel to the axie., This ayole is repeated seversl times. Thus
the path length of the electrons is quite long and the probability of their
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undergoing an ionizing collision with a neutral atom of gas in the tube is
high. Positive ions created by such collisions, finding themselves on &8
potential hill, are rapidly accelerated toward one of the cathodes and can be
e;tracted through & hole in the cathode.

During the design of the gun it was realized that creating a small downward -
axial electrostatic field in the region of the anode should increase the current
which could be drawn from the gun in two ways. First, more ions would be
started downward than upwards and could be extracted from the gun if such a
fieia existed. BSecondly, there are indications that electrons tend to congre-
gate in the region of the anode and to depress the voltage there by space-charge
effects, perhaps to the extent of making a shallow potential well for ions
(59). Such a well would decrease the extracted ion current, but might possidly
be réduced or eliminated by an axial anode field. This field could be created
most easily by making the anode a cone instead of a cylinder, |

The whole discharge can be raised to up to 20 kv above ground. After
emerging from the hole in the lower“cathode the hydrogen ions are further
accelerated by the lower pole, which is held at ground potential, and are
extracted through a hole in the lcwef pole.

All electrodes are of stainless steﬁ;, with the exception of the pdle
pieﬁes vwhich are cold-rolled steel. The-m;gnetic field is maintained by two
solenoids located on either side of the discharge tube. The field is quite
uniform inside the discharge volume and can be varied between zero and about
800 gauss, The gun oberatep on three NJE power supplies, O - 20 kv &t O - 10 ma, |
0-5kvatO-100me, and O - 32 v at O - 10 amps. The pressure inside the
discharge tube 1s monitored by a Phillips gauge. Hydrogen ges is admitted to
the tube by a Granville-Phillips variable leak.

The extraction hole in the lower cathode is 1/8" in diameter and the cathode

is supported by glass tubing. Thus the region above this electrode is isolated
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from the volume below it, except for the hole. Since the impedance to gas flow
qf this hole is quite high this arrangement eliminates the need for long tubing
to achieve large pressure differences between the gun and the region underneath.

The extfacted beam is measured by a Faraday cup 1" in diameter and 2" long
located several inches below the lower pole. At the entrance to the cup and
co-axial with it is a tube 1/2" in diesmeter and 1" long which can be made
negative with respect to the cup to repel secondary electrons emitted back to
the cup. Currents are measured using a Keithley electrometer.

The extracted ion current has been found to be very sensitive to the voltages
applied to the various electrodes and to the magnetic field. The ion current
and the discharge will change by a large amount or even go out if the fields
are not adjusted carefully. However, once the power supplies are warmed up
the ion current is quite stable and has been held to within 5% of a given value
for 72 hours. The beam current is roughly proportional to the gas pressure in
the discherge tube (§ee Figure 5). A typical operating pressure is about
1x .lo"h mm Hg.

The jong appear to emerge from the magnetic field in a-gigh

1/8" in Aismeter at the lower pole @nd Vith en anguler width-of-ebewt Ivif"

The energy iiatri‘bution of ions in the beam was measured by monitoring the
current o the ceollector cup while varying the voltage z:a on the suppresser tube
between -22.5 v and the anode voltage. Differentiating the curve ef the
current te the eellector cup vs. Eg ‘hen gave the distributien of energies in
the preten beam (Bee Figures 6 and 7). The protons appesr ie be i‘airly
menoenergetie, The energy distribution of ions emerging frem the lower eathede
is peaked at sbout 90% of the anode voltege vwith a spread of about +10% areund
this energy:
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~ The proton gun is designed to be mounted on top of the UHV chamber. An
Ultevac ion pump will be used for differential pumpting. Part of the tube
isolating the UHV from the gun will also be used as an einiél‘lens to control
the width of the protonEbeam° A small electron gun will be pleced inside the
UHV; its purpose will be to spray electrons over the surfaces of insulators
being bombarded to prevent their charging up to high electrostatic potentials
while being irradiated with protons.

In the near future the lateral distribution of protons across the beam
will be measured and the contamination of other ions besides H+ wiil be
estimated.

The proton gun and its associated equipment is shown in Figures 8 and 9.

5. Photometer. The photometric apparatus used for investigating the
light-reflecting properties of various surfaces is based on a design by
Kalmus (ég). The surface being studied is illuminated by a modulated light
source and is ébserved by a phototube and narrow band amplifier peaked at the
modulating frequency. Thus this apparatus can be used in a lighted room.

The light source is an 86 type lamp, the filament of which forms the piate
load of one si&eafa multivibrator which is set to run at 20 cps and synched by
the 60 cps line frequency. The square wave of current through the lamp causes
its iight output to vary approximately sinusoidally. The lamp is housed in a
box containing condensing and focussing lenses in an arrangement similar to
that in a élide projector. This projector throws an eveniy 1lluminated spot of
light aboutrl/2" in diameter on a surface 1' away. The spot of light is looked
at by a 1P42 type photéelectric tube, the output of which is fed into an AC
amplifier. The amplifier contains & bridged-T RC filter network which passes
20 cps and rejects 120 cps to .eliminate any unwanted signal from the room

lighting. The output appears as a deflection on an ammeter.
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‘ A polaroid can be placed in front of the phototube and rotated to detect
any pola.rizat_ion of light produced by the surface. The output meter has a
sigxxa.l—suppfess feature which allows most of the incoming signal to be can-
celled. The sensitivity of the meter can then be increased to allow small
variations in intensity of the signal to be read with precision. Thus a small
amount of polarization can be easily measured.

The source and phototubé are mounted on arms which can be rotated around

a cammon axis pessing through the surface being measured. Thus the angles of

incidence and reflection always rema.ix; in the same plane in this &rrangement.
This corresponds to points on the equator on the moon. In the future a minor
change will allow the surface to be illuminated and observed obliquely to
similate points off the lunar equator. The apparatus is shown in Figure 10.

6. Miscellaneous. Other important items are described below.

Flour sifter: This is a device for depositing rock dust into

various containers in vacuo. It consists of a box containing several trays
onto which the%ﬁéisaﬂﬁﬁsp‘éﬁrﬂﬁi%ﬂ%‘% ﬂ‘ %%T%vacuating the UHV. After

evacuation and bakeout the dust is allowed to fall into a cup which has a screen
for theXB3%8dmI VHInSUIERHBINGL N ETHREORYFS ANY - SHNS s cup.

Vacuum pumping station: Also in the laboratory is a Veeco

S-9 mobile vacuum pumping station, consisting of a 2" diffusion pump with
forepump, cold trap, valves and gauges. It is currently being used to test
the proton gun. In the future it will be used in the measuremént of secondary
emission and sputtering coefficients.

Liquid nitrogen dewar: Since the UHV uses liquid nitrogen in

rather large quantities a 200 liter container manufactured by the Ronan and

Kunzi Co. of Marshall, Michigan, was purchased.
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Shear box: A shear box was constructed for measuring the
interval friction and cohesion of the dust. This is a split box with a cavity
1/2" deep and 1" in diameter; the top half of the box can be moved with
respect to the bottom half and the shear resistance of dust deposited in the
box measured as a function of normel loading.

The remote hook, part of the flour sifter and the shear box can be seen in
place prior to lowering the bell jar in Figure 11.

C. Ixperiments and Results

The experiments reported here were, with the exception of the photo-

metric measurements, done in the short length of time since arrival of the

UHV system and were designed primarily to test the apparatus. All results and
conclusions should therefore be regarded as preliminary and will undoubtedly be
modified in the future.

1. Erosion. Two specimens of rock were polished and then irradiated
by a beam of 9 kv protons, after which they were inspected for evidences of
possible erosion. A disk of mice about .010" thick was bombarded at a proton
current density of 36 pa/cm? for 35 hours. This would be equivalent to a
period of about 5000 years for a rock located on the lunar eguator. A 1/16"
thick disk of olivine-bearing rock from North Carolina was irradiated at a
current density of 120 pa/cm2 for 72 hours, eguivalent to 31,000 years on the
moon. In both cases the gas pressure at the rock was less than 1 x 10T mm Hg.
The rock specimens were placed at the bottom of the collector cup used pre-
viously to measure the beam current. A heated tungsten filamen$ was also placed

in the cup above and to one side of the rock to supply electrons to neutralize

any surface charge which might build up in the rock.
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After irradiation the surfaces were removed and examined microscopically.
Microphotographs of the two types of rocks are shown in Figures 12-15. No
direct evidence for the formation of dust was apparent. Some indirect evidence
is presented below.

The mica is a.mineral containing A1203 and 5102. It cleaves easily into
smooth polished planes. Before i:radiation the specimen was clear and trans-
parent. Under the microscope a few cracks could be seen running across the
apécimen but otherwise the surface was unmarked. After proton bambardment the
upper layer of the irradiated portion was pitted and scarred. It was discolored
é.nd was no longer transparent. The surface appeared as if pieces had chipped
off, although no traces of such chips could be found. The surface exhibited
interference fringes indicating that a thin layer had pulled away from the
underlying layers. This could have been due to expansion of the lattice due to
the formation of interstitials - and dislocations, as discussed previov.:.sly.!F It
could also have been caused by air trapped between two cleavege planes expanding
under the heat of bombardment and forcing the uppermost plane away from the rest
of the rock. The irradiated mineral appeared brittle and could easily be
chipped and removed fram the surface. The damaged layer was about 5y thick.

" The olivine specimen was a; polycrystalline rock containing four different
minerals. Most of the material was olivine ((Mg, Fe) Sioh) in the form of
transparent greenish crystals sbout 2004 in dismeter imbedded in & matrix of
greenish serpentine (a hydrated form of olivine). Running through the etone
were streaks and blotches of talc (Mg0 and Sioa) and there were occasional
specks of chromite (FeO and Cr203). After bombardment the olivine crystals had
turned a golden color and had lost some of their transparency. The sefpentine
appgared to have been eroded away to a considerable depth leaving the olivine

standing in relief above the surface. It had also turned a dark grayish in



Fig. 12. Mica after proton bombardment. The distance between
lines is 140u. e
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color., The talc and chromite seemed unaffected by the bombardment. The olivine
crystals on the surface were still tightly cemented to thé rest of the rock.

| The preiiminary conclusion which can be drawn from this experiment>is
that formation of dust by proton bombardment of minerals does not seem
significant, although these crude experiments should be repeated more

quantitatively before a definite statement can be made. An upper limit to

the erosion rate on the moon of about lu per 1000 years by this mechanism is
indicated from these irradiations. At this rate an amount of material less
than one meter thick would have been eroded away from the lunar surface in 109
years.

The intense beam did however damage the steel collector cup and the upper
surface of the anode. The irradiated portion of the steel was partially
covered with a layeerf extremely fragile flakes of dust about 5u thick and
100p in diameter. These.}lakes were broken by even the most delicéte handling

into smaller particles.

2. Properties of vacuum-deposited dust. In the first stages of

experimentation to 1nvestigéte the properties of vacuum-deposited dust an
interesting phenomenoﬁvappeared. A tube 2" in diametef and whose bottom wes
covered with & coarse mesh screen was filled to a depth of 2" with dehydrated
silica dust consisting of 1 - 10y size particles. The tube rested on a plate
which could be removed. A thick wire could then be drawn across the upper
surface of the screen to force powder through the screen. The apparatus wes
placed inside the UHV chamber and the vacuum pumps were turned on.

As the pressure was slowly reduced the dust could be seen to outgas.
Miniature volcanos and geysers of dust were observed. After these disturbances

had subsided the pressure was reduced to about one micron and operation of the

flour sifter was attempted. When the lower plate was removed and the dust
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was disturbed by the ﬁm » the dust seemed almost to explode. Silica powder
was expelled violently from the container in every direction, showing that
some gas or volatile constituent had remained trapped b;atween the dust
grains. Evidently.only the supper surface of the powder had outgassed. This
phenamenon needs to be investigated further; in particular, the tré.nsmission
rates of gases through & layer of dust, one surface of which is a va;:uum,
should be measured, and the possible effects of any trapping of gases under
the lunar surface should be estimated. o

The density, compressibility, cohesion and internal friction of rock
powders deposited in air, in low vacuu'm, and in high vacuum after prolonged
bakeout will be measured and repqrted in the near future.

3. Aﬁ:ransport. " Since the tube and flange whiéh will connect the
proton gun to the UHVare not yet campleted, no dust could be irradiated to
study possible transport rates. .

- The secondary emission measurements have not yet been made. However, same
indication as to the value of the secondary electron emission coefficient for
pro:tons on metals can be estimated from Figure 6. When V. was 22.5 v negative
with respect to the coliector cup no secondary electrons could leave the cup
a.nd-v the current to the cup was 53 a. ﬁhexi ,Vs was about 300 v positive with
réspect to the cup the current to the cup vaé a maximum, presumsbly because
all secondary eléctrons vere attracted away from the cup. This current to

. the cup was due both to the protons and to the secondary electrons. The

? collector current at this time was 86u a. Thus the secondary electron yield
for 4 kv protons on‘steel is of the order of Y = (86 - 52)/52 = 0.7 electrons

per proton.
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k. Photometric studies.

a. Introduction: A setrles of photometric measurements of the
law of light reflection from various surfaces has been initiated for.the
purpose of matching the law of .reflection from the lunar surface. It is
expected that a close match to the lunar reflection curve will provide signi-
ficént’information on the nature and micro-structure of the lunar surface
layer.

Several previous investigations have been made along these general lines.
of pafticular interest are the experiments of Bennett (39), of Van Diggelen (L0),
and of Sharonov, et al (42). ‘Bepnett obtained curves of the reflection from
some 50 points on the lunar surface and compared his experimental fesults to a
*  theoretical model of tﬂe surface. This model was of & diffusely refiecting
plane surface pitted with hemi-ellipsoidal cups which reflect light uniformly
into all angles, the amount of light varying directly as the visible portion of
%he illuminated inner surface of the cups. The agreement of this model with
the lunar data is - as Bennett points out - rather poor. ” |

Van Diggelen summarized the work of previous. investigators and compared
their data with his own. He found quite good agreement between the data of
different wérkers. He also obtained the reflection law from several different
surfaces: volcanic ash, a surface of glass beads, a flat metal plate covered
with magnesium oxide smoke, a whitened metal plate partly coveféd with pits of
a8 form proposed by Tschunko, & surface_with humps, a metal plate'o; wﬁich
caraway seeds were glued, the whole being covered with magnesium oxide smoke
(to simulate a stony surface), a surface with hemi-ellipsoidal holes, and

the surface of the spongy lichen Cladonia Rangiferina. Vén Diggelen found

the best agreement with the lunar data for the surface of the 1ichen;
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Sharonov, et al (42) claims to have investigated "thousands" of different
surfaces in an attempt to match the lunar data, but that none of the surfaces
he examined provided a particularly good site to the data. Appararently much
of this work is unpublished so that it is impossible, at present, to estimate

the value of this work.

b. Experimental procedure and data reduction: The experimental
data given in this section was taken by Hugh Van Horn and portions of tﬁis
section were writtén by him. The 20 cps photometer described elsewhere in
this report was used to obtain the reflection lew from variocus surfaces. This
preliminary study was aimed at discovering the effects of the stmc;ue of the
surface on the form of the reflgction law; consequently little attention was
paid to other factors such as color, chemical composition, etc.

The reflection law from the surface was measured with the photometer in
two positions. For vertical observation of the surface, the positioq of the
light source was varied from 50 with the vertical to 700 with the vertical in
10° intervals. For 60° observation of the surface (the photometer set at :600
from the vertical), thé intensity of reflected light was méasured with the
light source varying from -70o (light source on the opposite side of the
wrerfical from the photometer) to +"{O° (1ight source on the same side of the
vertical as the photometer).

A noise figure was obtained after each run by blocking off the light source
and reading the meter of the photometer. A standard surface was prepared by
smoking & 1/4" thick glass plate with the white smoke of burning megnesium.

In order to eliminate any effects of non-uniform illumination it was assumed
that this surface was a Lambert surface (i.e., a perfectly dif‘msely-refle‘éting
surface (40)), and all readings of the photometer were corrected to this

standard. All surfaces were measured at least twice.



:38.

It is desirable to report the data as "reflected intensity per unit
cross-section of reflected beam,"” as this provides immediate comparison with
the luna; data; hence the photometric measurements were multiplied by the
cosine of the angle of incidence of the light. This correction made the
graphs of the reflection laws of the various samples directly comparable
with the law of reflection from the moon.

c. Theoretical considerations; It has been suggested that

the surface layer of the moon may have one of the following forms: (i) dust,
(11) foam, (1ii) volcanic glass, or (iv) whiskers. In order to check the
éffécts of these structural forms on the reflection law, surfaces were selected
primarily on the basis of surface structure, and only secondarily on the basis
of composition. We have extended the work of Bennett and Van Diggelen on the
reflections from artificial surfaces by constructing such surfaces as & wire
screen suspended above a metal plate, the whole being smoked with magnesium
oxide, a surface consisting of straight pins standing vertically and enmeshed
in & mat of glass wool, the resulﬁing structure being coated with magnesium
oxide smoke, and a plene surface cut from a block of styrofoam.
The surfaces for which reflection laws were obtained may be grouped in

the following categories:

Category I: "Artifical surfaces" designed to test the effect of
overhangs, vertical walls, etc. on the reflection law.

Category II: Needle-like or whisker-like surfaces of various

degrees of packing and particle size.

Category III: Compacted surfaces of Sio2 powders of varying particle
size to test the effect of particle size on the reflection laws.
Category IV: Fibrous surfaces of various fineness and composition.

Categorz VA ‘Miscellaneous rock powders and chemical compounds.
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d. Photometric observations: The reflection cﬁrves of various

selected surfaces togetﬁer with photographs of these surfaces are given in
Figures 16-21. The graph on the left-hand side of each figure is for vertical
observation of the surface, while the graph on the right-hand side is for
observation of the surface at 60o fram the vertical. In the latter graph, the
angles of illumination recorded as negative are those for which the light
source is on the opposite s;ide of the normal to the surface from the observer.

On the same sceles, the Lambert reflection law (dotted lines) and the
reTlection law for a comparable point on the lunar surface as given by Van
Diggelen (40) (dashed lines) are plotted. The circles and solid curves are
the experimexité.l data. |

The étrong "bright shadow" effect observed on the moon is clearly evident
in the curves for both angles of observation. This —effect arises in the
following manner: ’

In an intricately structured surface with many overhangs, illumination
of the surface from any angle will cast shadows of the overhanging parts onto
the underlying areas. Only when the angles of illumination and observation
are the same (so that the observer is looking parallel to the incident beam
of light) will the shadows be unseen; any angular separation of the light
source and obgserver will allow some portion of unilluminated surface fo be
seen. Consequentl&, the surface will appear brightest vhen the line of sight
is parallel to the incident beam, independently of the angle between the light
source or observer and the surface. The surface will appear darker for any
other angular relation between the sou.:c;ce and observer with the amount of
darkening increasing with increasing angular separation.

I‘i; is imi)ortant to note that the strong "bright shadow" effect as

described above can only be demonstrated by surfaces with overhang; : non-
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overhanging structures cannot duplicate this effect, no matter how rough"
they may be. Thus, for example, a cratered surface - which of course has no
overhangs - is clearly insufficient to account for the observed strong effect.

In general it was found that most of the surfaces  used provided a much
better match fo the Lambert reflection law than to the lunar data. Since
these surfaces were selected for experiment on the basis of differing surface
structure, they provide clear evidence that the surface layer of the moon
cannot be duplicated by minor variations in construction. Indeed it is necessary
to have & structure of the most intricate sort in order to match the lunar

curves.

The experiments also pointed out that a second factor of‘great importance
is the color or albedo of the individual particles of the surface. In fact
there were cases in which color appeared to be more important than structure
in determining the law of reflection. This behavior is to be expected, however,
for in order to obtain a "bright shadow" effect of the magnitude of that
observed on the moon it is not enough to require overhangs. One must also
have extrémely dark shadows cast. This of course implies that multiple
reflections are unimportant compared with single oneé, which will be true for
materials of low albedo. This would apply to the éase of the moon.

A third result of the experiménts was an indication that the absolute
scale of size of the surface relief has very little effect on the reflection
,iawo Some effect certainly is present, however, as was indicated by the fact
' that the best to a lambert law was obtained for Sioe'particles of .05 mm
size (this is in agreement with the .06 mm size obtained by Barbaskev and
.Chekirda)o Smaller particles gave a slightly worse fit, thé agreement:becbming
worse as the particle size decreased. These results are @roﬁably caused by
diffraction effects, which appear not to occur to any significant degree on

the moon.
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e. Conclusions: On the basis of these experiments, we are
led to suppose that the lunar surface must have an extremely intricate structure
which makes for a substantial amount of shadowing. The material of which this
bizarre structure is composed mﬁst be intrinsicélly quite dark and the scale
of tﬂé irregularities must be large enough so that diffraction effects do
not destroy shadows. The characteristic scale for these suffac; features
mst thus lie between several microns and several.céntimeters, .to:occur both. .
with the optical and the radar evidence. -

-The -only surfac;srvhich are likely to be able to assume such forms are
vhiskery, crystalline surfaces, dark foams, and dust deposited 1n‘vacuum under
low gravity. In any event, it is certain that no amount of. cratering of the
surface on any scale wﬁate#er can possibly duplicate the strong observed "bright
shadow" effect. |

- The work under way now is intended'tb find oﬁt whether vacﬁnm<deposited
dust can make a surface of porous, fragile structures as seems to be required.
Also the properties of dark foams and slags will be investigated. -

The'photometer will also be used td study the reflection polarization
effects, and to £ind the materials that match the lunar surface in this respect.
A surface structure of roughne;s on & scale comparable with the wavelength of>
light is required for this. The combination of these properties ;ill narrowv
down still further fhe range of surface types that may be thsughﬁ of as

composing the lunar surface.
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